With the technical assistance of Harry A. Phillips
IT IS WELL RECOGNIZED in clinical electrocardiography that periods of altered P-wave configuration may occur without apparent cause. Changes in the shape of P waves during such periods may be fairly striking and therefore quite obvious, or they may be subtle enough to be recognized only by minute inspection of the tracings. Since the phenomenon occurs episodically, it is commonly referred to as "shifting" or "wan- Signal averaging Electrocardiographic processing dering" of the pacemaker. In some individuals, pacemaker shifts may occur with great frequency, whereas in others they appear only occasionally, or even rarely. During periods of abnormally shortened P-R intervals which are accompanied by reversal of the manifest atrial excitation process from antegrade to retrograde, it is assumed that some region in the upper portion of the atrioventricular node has emerged temporarily as the dominant pacemaker. Preservation of a normal P-R interval during episodes of altered P-wave configuration suggests that command may have passed to some pacemaker which lies outside of both the sinoatrial and atrioventricular nodal regions. Accordingly, these temporary centers of dominance could be called "atrial pacemakers." 359 Pacemaker shifting does not indicate underlying atrial disease since it occurs in normal as well as abnormal individuals. For example, Hiss and Lamb,' in their survey of electrocardiographic findings in 122,043 normal subjects, found 672 (0.55%) examples of atrial rhythm. From the various age groups there were 103 of 7,072 (1.46%) persons within the 16 to 19 year age group, 332 of 37,159 (0.89%) in the 20 to 24 year age group, 101 of 21, 681 (0.47%) in the 25 to 29 year group, and a still lower incidence rate in older groups. Hiss and Lamb's interpretation of atrial rhythm was based on the finding of a normal P-R interval in the presence of P-wave inversions in leads II, III, and aVF.
In a recently reported fine-grained study of the normal atrial electrocardiogram, we encountered a few youthful individuals who fit the above criteria of atrial rhythm.2 In addition, an unexpectedly large group showed less striking but equally definite periods of altered atrial beating when their records were visually monitored in cathode ray display at tenfold expansion of the conventional timebase and sensitivity scales. Within the past year we have had the opportunity of reviewing our entire group of records, using a laboratory-oriented digital computer as a critically sensitive detector and analyzer of spontaneous P-wave variations. It is the purpose of the present report to describe some of the newer methods which we have devised for examining the fine structure of the atrial electrocardiogram and to evaluate the evidence provided by these methods that normal atrial excitation is likely to be an unstable process.
Methods
The group of subjects consisted of 71 predominantly youthful volunteers who were free of clinically manifest cardiovascular disease. The group is categorized according to age and sex in table 1. The standard bipolar leads of each subject, together with an impedance respirogram, were recorded simultaneously on magnetic tape for 20 minutes at a better than tenfold effective expansion of conventional time-base and amplitude scales. Due attention was paid to the need for stable electrode application and rela-tively low skin-electrode resistance. Somatic tremor was minimized by having the subjects lie on a comfortable hospital bed with the head and leg positions adjusted for optimal muscular relaxation.
Analysis of the recorded material was performed by a programable data processor known as the PDP7* as follows: Initial processing consisted of a screening procedure which, in essence, accepts successive P waves during playback, establishes a constant phase relationship of each to a fiducial mark (in order to compensate for lack of strict periodicity), and compares the configuration of each with that of a reference signal. All operations are performed in the digital mode except for the establishment of successive fiducial marks, which are determined from the slope of the R-wave upstroke by a previously described analog method. 2 On playback each of the three leads are continuously digitized at the rate of 500 samples per second, and the latest 1.2 seconds' worth of data is stored in processor memory. To begin the screening procedure ( fig. IA and B ), a single three-lead complex, together with two control pips, is shown in cathode-ray display (fig. iB). Applying a sensor ("light pen") to the upper dot causes the waveforms to drift synchronously to the left; this is continued until the onset of the P wave is approximately leftjustified as shown in figure 1C . The light pen is then addressed to the offset point of Tp. This maneuver ablates the portion of the complex to the right of the pen. The atrial portion of the electrocardiogram is thus framed ( fig. 1D ), and a phase relationship is established with respect to the fiducial mark which was derived from the immediately succeeding QRS complex. This waveform information is then stored in memory by addressing the light pen to the lower control pip. *Digital Equipment Corporation, Maynard, Massachusetts. together wuith twvo control pips, is displayed on the ttube as shown below (B). The area of interest is left-juzstified on the screen (upper right, C) under light penr control os described in the text. The digitized infornfation beyond the end of the PFR segment is erased, and the remiainder (lowver right, D) is stored in processor mlemory as a standard against which successive atrial complexes are compared.
Digitizing atId phasing a given atrial waveform in this way generates a reference, or "u-set'" of data. As the inpuit tape plays back, a "v-set" of data is generiated from the corresponding time segment of eaclh suiccessive beat. The processor compuites a waveform in-dex, a, for each of the latter sets accordiing to a-E(u, u)v' i-1,2,3 N, where N is the number of waveform samples in the interval of interest. ul and vi are the values of the individual samples, and £i is the average value of the ui. This index is a leastsquares measure of how much reference signal is contained in a given subsequent waveform. If the two waveforms are identical, the index Circulation, Voluoe XXXVI, Septemnber 1967 isi unity; if they are niot identical, the index generally differs from unity.
Once a three-lead set of atrial waveforms lias been adopted as a standard of reference, the screeninlg program compputes the in dices an-d R-R interval of each suiccessive set. These values are ptunclhed out on paper tape for later use.
Visual monitoring of the procedure is accomplished by displaying sequences of the latest 200 values on the cathode-ray tube as waveform index profiles, together with a display of the most recently processed set of waveforms. As shown in figure 2 , the waveform profiles contain some random components which are due to noise and some phasic variations which are related to respiration. When a significant change , which was photographed 75 beats later than that on the left (A), shows that a distinct change has taken place in P-wave configuration (especially apparent in lead III) and the waveform index profiles.
step in one or more of the lead profiles from one index level to another.
Results

Incidence of Atrial Instability
The paper tape outputs of the screening procedure were used to prepare hard-copy plots of the waveform index profiles of all subjects. Four representative examples of these are shown in figures 3 and 4. The upper half of figure 3 exemplifies stability of atrial excitation and recovery since the waveform parameters remain constant except for phasic respiratory variations and random fluctuations of small magnitude. On the other hand, the lower half of the same figure shows three steps of 40 or more beats' duration which bespeak episodes of altered atrial beating. This record also shows, especially in the lead III profile, several narrow-based deviations which are due to unsustained P-wave variations. Although the transitions from the dominant to the secondary pattern of beating are fairly abrupt in this subject, they extend over several beats rather than occurring within a single beat.
The upper half of figure 4 is an example of numerous transitions from one pattern of atrial beating to another. It can be seen that several departures from the dominant pattern are single, delayed-beat transitions, following which the rate is reset for a period at a slower rate. Elsewhere in the record two secondary patterns of atrial beating rather than a single one are evident. In contrast to the frequent transitions which occur in the upper example, the lower one shows, at most, a 17-beat episode of altered atrial beating. Events such as this are so isolated, and of such short duration, that their detection virtually requires some means of extended record and screening.
Of the entire group of 71 subjects, 18 (25.4%) showed one clearly defined secondary pattern of atrial beating, and another six (8.5%) showed two secondary patterns.
There were an additional seven (9.9%) with Circulation, Volume XXXVI, September 1967 Two examples of "hard-copy" waveform index profiles prepared on an incremental plotter from the paper tape output of the screening program. The upper example is one of atrial stability, showing only respiratory variations and some random fluctuations due to signal noise. The lower example shows three sustained periods and several unsustained episodes of altered atrial beating. Waveform index, which is indicated by the scales to the right of the lead labels, is a dimensionless parameter that relates the configuration of an unknown signal to that of a reference signal. The value of the index is unity when the two signals are identical, and generally differs from unity for unlike waveforms. The figure illustrates how densely waveform informcation may be packed for purposes of surveillance and analysis.
irregular sequences of variability which could not be categorized into distinct subgroups.
The Fine Structure of Scalar P-Wave Families
In principle, the random noise content and other fluctuations of a recurrent signal can be greatly reduced by accurately superimposing and averaging a number of successive waveforms.3 However, the principle loses its validity if the recurrent waveform is not constant, as is likely in the case of P waves. Therefore, a discriminant two-pass program was developed for the enhancement of P waves, in which recurrent signals were selectively Circulation, Volume XXXVI, September 1967 averaged according to waveform category.
The function of the first pass is quite similar to that of the screening program except that the three series of waveform indices are stored in memory rather than being punched out on paper tape. When a sufficient number have been stored, each set is displayed on the cathode-ray tube as a histogram of index distribution. A two-family example is illustrated in figure 5 , which shows good discrimination between the two waveform classes in the lead-IL and III histograms. The light pen is used to select a central range of wave- Waveform index profiles of another two subjects which show, respectively, frequent and relatively infrequent changes in the mode of atrial beating. The alphabetic labels on the upper lead III plot mark three different levels of waveform index. The spikes toward the beginning of this subject's R-R interval plot indicate an apparent spontaneous halt of his dominant pacemaker. After a delay of about a quarter-second beyond the next anticipated beat a secondary pacemaker appears to take over for a while at a rate somewhat less than that of the primary focus. The lower panel exemplifies the usefulness of prolonged recording and screening in revealing isolated changes of short duration. form indices from one lobe of a given distribution pattern. The limiting values of this range are entered into memory, the data tape record is reset to its beginning, and the second pass is started.
During the second pass the first 50 to 100 atrial complexes falling within the preselected range of waveform indices are time-justified, summed, and averaged. At this juncture a numerical operation is applied which effectively compensates all of the low-frequency distortion (except baseline loss) which is produced by the capacitative coupling networks of conventional electrocardiographic preamplifiers.4 Other P-wave families are extracted from the data simply by selecting a discriminant range from another lobe of the histogram and continuing or repeating the second-pass operation.
Application of the selective averaging procedure to one of our three-family subjects is illustrated in figure 6 . Shown below in the illustration is an 1,175-beat segment of the waveform profiles which were derived from Waveform index histograms are displayed on the cathode-ray tube after the first pass of the selective averaging procedure. In this example bimodal distribution is evident in the lead II and III patterns. A given P-wave family is extracted, and its signal-to-noise ratio is improved during the second pass of the procedure by averaging 50 to 100 complexes whose waveform indices fall within a relatively narrow range of values selected from the histograms. A different choice of discriminant values is used for the processing of each family.
the screening operation. The lead II and III profiles start out at one level; at about the 135th beat they change fairly abruptly to a new level; after approximately another 240 beats they reset to still a third level; and, finally, toward the end of the record they return to their original levels. The upper three panels of the figure show the enhanced atrial electrocardiograms which were obtained by selectively averaging 50 complexes during each of the periods indicated by the brackets. The P waves show the multiple notching which is invariably seen in normal subjects when high-fidelity methods of recording are employed.2 5 Although such notching can be recognized in single beats, it tends to be Circulation, Volume XXXVI, September 1967 obscured by random noise. Similarly, the exact configuration of Tp is likely to be distorted by unavoidable baseline fluctuations. The averaging technique not only minimizes random noise content but also tends to produce baseline rectification, thereby providing a stable reference level for the quantitative treatment of atrial repolarization signals. The differences between families may be fairly obvious as is the case with the lead III deflection in the middle set when compared with the corresponding complexes on either side. On the other hand, comparison of the various lead II deflections among themselves shows that the differences may be Enhanced P-Tp complexes and three-lead waveform index profile of a subject with three modes of atrial beating. The signal-to-noise ratio of the waveforms has been improved by selectivity averaging 50 beats from each of the regions indicated by the brackets. Signal processing is completed by numerical compensation of the low-frequency distortion which is characteristically produced by capacitatively coupled preamplifiers. rather subtle, suggesting that sequential computation of waveform indices is a reasonably sensitive method of distinguishing between various configurations.
Superposition of Atrial Vector Loops
Residual noise was further reduced in the averaged, frequency-compensated waveforms by the method of factor analysis.6 According to the Einthoven law each three-lead set of processed data contains redundant information. Therefore, each set was transformed into three mathematically uncorrelated signals (principal factor waveforms) and the signal of least energy content was discarded as a "grain" component. Frontal plane Pwave vectors were computed from the two major signals and plotted in standard loop display.
Differences between families of P waves are highlighted by superposition of their vector loops. Six examples of double grouping are shown in figure 7 . In these and the other 12 subjects with two P-wave configurations, the efferent and afferent limbs of all loops are inscribed in a predominantly counterclockwise direction. Most of the loops show the deep indentations and scalloping that would be anticipated from the rich notching which is normally present in good-quality scalar display.2' 5Although there are distinct differences between the members of each pair of loops, they tend to be of the same genre, with slight-to-moderate shift of electrical axis between them. In none of the twofamily subjects did the mean P vector shift upward enough to be regarded as frankly retrograde.
The superimposed vector loops of three of the six subjects with triple grouping are shown in figure 8 . In the left-hand panel there is downward shifting of the loop as the pattern of atrial excitation passes successively from the dominant to secondary and tertiary states. In the center panel of the illustration the converse is true. In both examples the mean P vector remains oriented in the first quadrant. Two loops of the righthand panel lie entirely within the first quadrant, whereas the remaining loop is narrow and directed vertically upward in the manner of retrograde excitation.
The tendency for the vector loops of dif-Circulation, Volume XXXVI, September 1967 ferent P-wave families to resemble each other suggests that the differences between them might be due to some artifact such as movement of the subject during recording. For example the loops of subject 49 (upper left panel of figure 7) show unusually close correspondence of their respective afferent and efferent limbs, with distinguishable differences only in the middle segments of the loops. However, this particular subject's waveform history shows only single-beat transitions between two repeatable profile levels, without evidence of artifactual cause. In addition, a few subjects who were recalled for confirmatory study yielded duplicate results in comparison to their original records. Superposition of frontal plane P-vector loops in three of six subjects with triple grouping of atrial excitation. The direction of inscription in the open loops is predominantly counterclockwise. The relative frequency of occurrence is indicated by the numerical labels.
Changes in P-R Interval
A computer-assisted method was developed for determining P-wave onset as accurately as possible from the averaged, frequency compensated waveforms. Scalar magnitudes of a given waveform were computed from the three-lead data and displayed as a greatly magnified function of time on the cathode ray tube. A vertical hash mark, superimposed on the wave display, was shifted horizontally by light pen control until its location coincided with the visually judged onset of the deflection. The procedure was completed by turning on one of the console switches, which caused the location of the marker to be typed out.' Since the data had been digitized at 500 samples/sec, the nominal precision of the method was + 2.0 msec. This method was used to compare the P-R intervals of secondary and tertiary Pwave families against those of dominant families. A group-average change of 0.14 + 7.85 msec was found, with a range of -14.0 to 16.0 msec. These are relatively small changes in *Attempts at completely automatic recognition of P-wave onset, which were based on threshold slope of the vector magnitude curve or on determining a statistically significant rise of the curve above baseline noise, were abandoned because of unreliability.
Circulation, Volume XXXVIJ September 1967 the transit time of excitation, with no demonstrable trend toward either shortening or prolongation.
Discussion Owing largely to the small amplitude of P-Tp complexes, atrialt electrocardiography is a relatively neglected area of diagnostic cardiology. At the conventional recording sensitivity of 1 cm/mv recognition of abnormalities in the atrial signal is limited to fairly gross changes, and accurate quantitation is virtually impossible. The use of instruments with greater than conventional resolution introduces difficulties due to random noise and unavoidable baseline fluctuations.
The technique of signal averaging, which has been applied with favorable issue to the QRS-T of the exercise electrocardiogram,8 9 to fetal complexes,'0 and to normal P waves,2' 5extends electrocardiographic resolution by about one order of magnitude. Since the QRS complex is fairly repetitive, no special safeguards are necessary in averaging except accurate overlay of successive signals and, perhaps, gating on respiration. In contrast, the likelihood of encountering atrial waves of inconstant form requires the further insurance that signals of differing configuration will not be superimposed on each other in the averaging process. The necessary discrimination can be achieved by the fairly simple programming logic which we employed in this study.
In contrast to high-fidelity records of the normal QRS complex, which are smoothly continuous functions of time except for occasional minor notching, normal P waves of comparable technical quality have a richly and somewhat unpredictably notched configuration. The inference is that excitation is less of a cohesively organized process in the atria than in the ventricles, and therefore militates somewhat against the concept of uniform radial propagation of the activation front. The alternative concept, namely, that specialized conduction pathways exist within the atria, is one which has bemused cardiac electrophysiologists for more than half a cen-Circulation, Volume XXXVI, September 1967 tury. A brief historical account of the controversy which developed between the respective proponents of these opposing points of view is contained in a recent publication of Wagner and associates."
During the present decade several reports on atrial morphology and function have been published which support the existence of specialized conduction tissue. James12 described three internodal tracts (anterior, middle, and posterior) which together with the two nodes, the ostia of both venae cavae, and the coronary sinus roughly outline the primitive sinus venosus. The tracts are of mixed composition, with all of them containing some Purkinje fibers. James illustrated bifurcation of the anterior internodal tract as it sweeps anteriorly around the root of the superior vena cava. One of the two branches merges in the interatrial septum with fibers of the middle tract and descends to the atrioventricular node. The other branch continues to the left atrium as Bachmann's bundle. '3 The existence of functionally significant conductive tracts was strongly suggested by the early experimental observations of Eyster and Meek'4 who interrupted by incision various possible exit pathways from the sinoatrial node. In their report, Wagner and associates" concluded that the interatrial band (Bachmann's bundle) is a heterogeneous structure containing ordinary atrial muscle and specialized conductive fibers, with the latter responsible for earlier activation of the left atrium than can be accounted for by simple radial spread of excitation. Other recent observations, which also deal with the spread of the sinoatrial impulse to surrounding atrial tissue, are similarly indicative of functional heterogeneity.'5-1' The weight of modern evidence, therefore, favors the view that the sequence of atrial activation is regionally selective and thus might account for the discontinuities which occur in the normal P wave.
In contrast to the known vagaries of the P wave in some other mammalian species,'9 the relatively frequent occurrences of metastable atrial activity in normal humans has apparently not been previously recognized.
We have considered three possible mechanisms which singly, or in combination, might account for the phenomenon: (1) actual translocation of pacemaker locus, (2) variable exit sites from the sinoatrial node, and
(3) temporary gain (or loss) of dominance by preferential conduction pathways within the atria.
In addition to the possibility of command passing to some extranodal site, pacemaker shifting within the sinoatrial node has been observed to occur spontaneously in isolated rabbit atrium preparations20 and can be induced in open-chest dog preparations.2' In the latter preparation it was observed that interruption of nodal blood supply or the application of parasympathomimetic agents was likely to shift the pacemaker toward the tail of the sinoatrial node. In the isolated rabbit atrium the location and timing of the excitatory impulse seemed to exert a strong tropic effect on other cells in the sinoatrial node. For example, premature beats temporarily augmented the upward diastolic slope of transmembrane action potentials in pacemaker tissue, suggesting thereby that the intrinsic rhythmicity of an individual cell is a labile property which depends, in part, upon the functional behavior of its neighbors. It was also pointed out that the rabbit's sinoatrial node is largely surrounded by loose connective tissue except where it communicates with undifferentiated atrial muscle by specialized conduction pathways.20 Changes in the sequence of atrial activation were noted which, in this context, might be ascribed to shifts in exit route from the pacemaker. As far as conductive changes outside of the node are concerned, it has been observed that the specialized cells of the interatrial band are functionally different from nonspecialized cells in their response to various agents." However, since we have not encountered any description of spontaneous changes in the function of specialized pathways, the third mechanism of atrial vari-ability postulated above remains highly speculative.
The application of digital processing methods to the normal P wave reveals many details of its fine structure5 and has helped to establish some quantitative parameters of normality such as the magnitude and orientation of mean P and Tp vectors. 2 The present observations show further that atrial excitation is likely to be an unstable process, and thus indicate the need for discriminant logic in the signal enhancement technique. Although only the relatively gross abnormalities of the P wave can be recognized with confidence in conventional electrocardiography, several studies have been reported during the past few years in which important diagnostic information was extracted from the atrial complex by careful, systematic observation and clinical correlation. 22 25 These reports suggest to us that there is an additional reservoir of clinically valuable information which can be tapped by the application in depth of modern signalprocessing methods.
